During meiotic maturation, mammalian oocytes undergo an asymmetric division which is crucial for the formation of a functional gamete. In various organisms, accurate positioning of the nucleus before M-phase plays a major role in asymmetric cell divisions. However, the role of the position of the nucleus (or germinal vesicle, GV) during the prophase I arrest has not been investigated in mammalian oocytes. Here, we show that incompetent mouse oocytes possess a peripheral GV, while competent oocytes mainly exhibit a central position of the GV. At that time, the position of the GV correlates with the ability of the oocyte to complete meiotic maturation. Moreover, a lower efficiency in GV centering and a reduced ability to progress through meiosis are observed in oocytes from old mice. Thus, the position of the GV could be used as a simple morphological marker of oocyte quality.
In mammals, oocytes are kept arrested for an exceptionally extended period during prophase I of meiosis. At that stage, the nucleus is called the germinal vesicle (GV). Upon a surge of luteinizing hormone, they can enter meiotic maturation and undergo the first meiotic division whose accuracy is essential to prevent aneuploidy, which is deleterious for the embryo (Hassold & Hunt 2001) . Alterations of this division increase with maternal age and account for a significant decrease in the production of normal gametes (Ottolenghi et al. 2004) . The meiotic divisions are asymmetric and generate a tiny polar body and a large oocyte, which contains most of the cytoplasmic stores and organelles. Asymmetry, which becomes altered with aging (Diaz & Esponda 2004) , is based on the migration of the spindle during meiosis I from the position previously occupied by the GV to the closest domain of the oocyte cortex (Verlhac et al. 2000) . The accurate positioning of the nucleus has been shown to be a key event for asymmetric cell divisions in various systems (Gonczy 2002) , but very little is known about this process in mammalian oocytes. Nevertheless, since the position of the GV defines the starting point for spindle migration in the oocyte, it may in turn influence the success of the first meiotic division and the formation of a functional gamete. The position of the GV has been documented in mammalian species, but some conclusions remain unclear or debated due the scarcity of the experimental material (Albertini & Barrett 2004) . In addition, the potential impact of this parameter on the completion of meiotic maturation, as well as the relation with maternal age, has not been so far investigated. Thus, we decided to study these questions in the mouse oocyte.
The ovaries were removed from OF1 female mice (Charles River Laboratories, Boston, MA, USA) and transferred to pre-warmed medium. The ovary surface was scarified to allow a rapid release of the oocytes enclosed in antral follicles. The oocytes were denuded and put in culture as previously described (Brunet et al. 2003) . Oocytes were carefully positioned in the culture chamber to visualize the GV at its most peripheral position. Transmitted light pictures (Fig. 1) were rapidly taken using 20! NA0.5 objective lenses (Leica) and a CCD camera (Micromax, Roper Scientific, Tucson, AZ, USA) under a video microscope (Leica DM IRBE) enclosed in a thermostatic chamber (Life Imaging Services Reinach, Switzerland). From the original pictures, GV and oocyte boundaries were outlined ( Fig. 1) using Adobe Photoshop CS (Adobe Systems Inc.) and the corresponding binarized images were generated. ImageJ (NIH) was used for image quantitative analysis. For each oocyte and its corresponding GV, the area (A), centroid (C OO and C GV ), and Feret's radius (R OO and R GV ) were calculated. The area corresponds to the surface of the projection of the oocyte on a plane. The centroid represents the center point of the selected object and the Feret's radius represents half of the longest distance between any two points of the selected object boundary. Using these values, the parameter r was calculated for each oocyte as follows:
r is the ratio between the distance separating the centroids of the oocyte and its GV and the difference between oocyte Feret's radius and the GV Feret's radius. This parameter defines the absolute position of the GV within the oocyte. In theory, it varies from 0 to 1 respectively when the GV is at the perfect center of the oocyte and when it contacts the cortex of the oocyte.
To study the position of the GV and its potential influence on meiotic maturation, we first analyzed oocytes that were able to resume meiosis and undergo GV breakdown upon culture. Oocytes were collected from 7-to 11-week-old female OF1 mice, referred as young mice in the text (nZ5). They exhibited an average r value of 0.32G0.23 (Table 1) . A r value lower than 0.33 is indicative of oocytes with a central GV. In contrast, a r value over 0.66 indicates oocytes with a peripheral GV. In between, the GV is at an intermediate position. According to this criterion, we found that more than 58% of the oocytes collected from young mice had a central GV, while 32% of the GVs were located in the middle area and only 9% were peripheral (Fig. 1) .
The oocytes were then scored for the extrusion of the first polar body after 14 h of culture. About 84% of the oocytes Figure 1 Quantification of the position of the GV and the ability to achieve meiotic maturation of oocytes collected from young or old mice. (A) Transmitted light picture of a mouse oocyte. GV and oocyte boundaries are outlined in white and red respectively. Oocyte's and GV's centroids (C OO and C GV ) and Feret's radius were determined to calculate r. (B) Percentages of oocytes extruding or not a polar body upon a culture of 14 h according to the r value. Population of oocytes that extruded their polar body (MII) or remained blocked in meiosis I (MI) are represented in white and gray respectively. The number of oocytes scored is indicated within the bar. Oocytes were collected from 7-to 11-week-old (young) or 1-year-old (old) female mice. Incompetent oocytes (GV), oocytes that entered meiotic maturation (GVBD) and among them, oocytes that remained blocked in meiosis I (MI) or that extruded a polar body (MII) were scored. For each category, the number of oocytes (n), the meansGS.D. for (r) and the area (A in pixels) are presented.
extruded the first polar body and arrested at metaphase II. However, when we analyzed the rate of polar body extrusion as a function of r (Fig. 1) , we observed that 92% of the oocytes with a central GV (r!0.33) did extrude a polar body, while there were 76% when the GV was intermediate (0.33!r!0.66) and only 43% when it was peripheral (rO0.66). The distribution of meiosis I versus metaphase II oocytes in the three populations was significantly different (P!0.05, Fisher's test). Thus, in young mice, the ability of the oocyte to achieve meiotic maturation is correlated with the position of the GV and decreases with the distance of the GV from the oocyte center.
To determine a potential effect of maternal age on the position of the GV, oocytes collected from 1-year-old OF1 mice (nZ12), referred to as old mice, were studied. As mentioned previously, we analyzed oocytes that were able to resume meiosis. They were significantly bigger than the one collected from young mice (PZ0.002, Student's t-test, Table 1 ). Nevertheless, the difference only represents a 3% increase of the measured area which may reflect a minor variation in the levels of cytoplasmic stores. The oocytes able to undergo GV breakdown upon culture exhibited an average r value of 0.48G0.27 (Table 1 ). This value is significantly higher than the one measured in young females (P!0.001, Student's t-test). The distribution of the oocytes according to r indicated that only 34% of them had a central GV, 30% a peripheral one, and 35% an intermediate one. This distribution along a radial axis was homogenous (PZ0.923, c 2 -test) and we wondered whether it was indicative of a random positioning of the GV. If the GV is randomly positioned in the volume of the oocyte, the GV centroid is randomly located on the area representing the projection of the oocyte on a plane. In this case, like on a dartboard, the probability of observing the GV at a given place increases with the distance from the centroid of the oocyte. As a consequence, the size of the populations of oocytes should increase with the r value. Therefore, the distribution we observed did not fit with a random positioning but indicated that the GV of oocytes in old mice kept a tendency to be centered. However, the efficiency in positioning the GV at the center of the oocyte dramatically decreases with maternal age.
The oocytes collected from old mice were then cultured for 14 h and scored for the extrusion of the polar body. As expected, the rate of polar body extrusion was notably lower than in young females: only 64% of the oocytes that resumed meiosis extruded a polar body. It has to be noted that the size of oocytes which reached metaphase II was not significantly different from the ones blocked in meiosis I (PZ0.367 in the case of old mice and PZ0.76 in the case of young mice, Student's t-test). The rate of polar body extrusion was analyzed as a function of r (Fig. 1): about 67% of the oocytes did extrude their polar body in the first two groups (r!0.33 and 0.33OrO0.66) and 58% in the last group (rO0.66). The difference is non-significant (Fisher's t-test). In addition, the distribution of meiosis I-versus metaphase II-arrested oocytes were similar in old mice and in the subpopulation of oocytes collected in young mice and presenting a peripheral GV (PZ0.009, Fisher's test). These data indicate that the aging-dependent decrease of the ability to achieve meiotic maturation associates with a loss of correlation between this parameter and the position of the GV in the oocyte.
The oocytes unable to resume meiosis were finally analyzed. In old females, only few were recovered. In old and young females, the incompetent oocytes were significantly smaller than the competent ones (P!0.001, Student's t-test, in young and old females, Table 1 ), suggesting that they are not fully grown despite being enclosed in antral follicles. In young females, in contrast to competent oocytes, they exhibited a high average r value of 0.70G0.15. About 66% of them possessed a peripheral GV (rO0.66) and none was found with a central one (r!0.33) . In order to analyze oocytes at an earlier step of their growth phase, large preantral follicles were recovered from ovaries of young mice. These follicles were dissociated by incubation in pronase (Brunet et al. 1998) to recover the enclosed oocytes. These oocytes (nZ12) were small (AZ5708G630) and had an average r value of 0.69G0.14, indicative of a peripheral GV. These observations indicate that the final steps of oocyte growth and the acquisition of the competence to resume meiosis are associated with a change of position of the GV from the periphery to the center of the oocyte.
We have defined a parameter r, using quantitative image analysis, to accurately quantify the position of the GV within the oocyte. We found that the position of the GV is regulated in mouse oocytes. In young females, incompetent oocytes are characterized by a peripheral GV. Once the oocytes are fully grown and able to resume meiosis, the GV becomes central. The position of the GV is at that time correlated with the ability of the oocyte to achieve meiotic maturation: a peripheral GV is unfavorable to polar body extrusion. In addition, the accurate positioning of the GV is affected by maternal age. In old females, the centering efficiency of the GV in competent oocytes is severely reduced and the ability to achieve meiotic maturation does not correlate with the position of the GV anymore. Nevertheless, a general decrease in completion of meiotic maturation is observed. Taken together, these observations suggest that the position of the GV may be used as a simple morphological marker of oocyte quality.
The mechanisms involved in the positioning of the GV during the extended prophase I arrest in mammalian oocytes remain uncharacterized. They most probably involve factor(s) controlling the organization of the oocyte cytoskeleton, as shown in other organisms (Huynh & St Johnston 2004) . In the mouse oocyte, similar factor(s) could generate centripetal forces on the GV and determine its central position. The robustness of this system would decline with maternal age. Interestingly, an age-related weakening of the spindle checkpoint activity, a system that prevents chromosome segregation errors, Germinal vesicle and meiosis in mouse oocyte has been documented in mammalian oocytes. It results from the reduction in the levels of transcripts and proteins of some of the components of the spindle checkpoint machinery (for review, see Homer et al. 2005) .
Based on our observations, we can hypothesize that a common activity is involved in GV positioning and efficient progression through meiotic maturation. The most likely candidates would be proteins required for the organization of the cytoskeleton during both interphase and M-phase. Alternatively, independent factors could be involved in the different processes and their activities may be similarly reduced with aging. We are currently trying to characterize the mechanisms and factors at play, in order to better understand both the role of GV positioning and the effects of aging on meiotic maturation.
